H2A.Bbd is an unusual histone variant whose sequence is only 48% conserved compared to major H2A. The major sequence differences are in the docking domain that tethers the H2A-H2B dimer to the (H3-H4) 2 tetramer; in addition, the C-terminal tail is absent in H2A.Bbd. We assembled nucleosomes in which H2A is replaced by H2A.Bbd (Bbd-NCP), and found that Bbd-NCP had a more relaxed structure in which only 11872 bp of DNA is protected against digestion with micrococcal nuclease. The absence of fluorescence resonance energy transfer between the ends of the DNA in Bbd-NCP indicates that the distance between the DNA ends is increased significantly. The Bbd docking domain is largely responsible for this behavior, as shown by domain-swap experiments. Bbd-containing nucleosomal arrays repress transcription from a natural promoter, and this repression can be alleviated by transcriptional activators Tax and CREB. The structural properties of Bbd-NCP described here have important implications for the in vivo function of this histone variant and are consistent with its proposed role in transcriptionally active chromatin.
Introduction
The nucleosome core particle (NCP) is the fundamental repeating unit in eukaryotic chromatin. In all, 146 bp of DNA is wrapped in 1.65 tight superhelical turns around a histone octamer of two copies each of the four histone proteins (H2A, H2B, H3 and H4) (Luger et al, 1997a) . The H2A-H2B dimer is tethered to the (H3-H4) 2 tetramer by forming a four-helix bundle between the a2 and a3 helices of H2B and H4. In addition, a spatially distinct interface is formed by the ladle-shaped docking domain of H2A that appears to guide the H3aN helix to bind the last turn of the DNA, and forms a short b-sheet with the C-terminal region of H4 (Luger et al, 1997a) . The histone octamer is not stable under physiological conditions, indicating that the H2A-H2B dimer and (H3-H4) 2 tetramer interaction is stabilized significantly by the interaction with DNA.
The organization of DNA into chromatin is generally repressive for DNA replication, transcription, repair and recombination. Therefore, events that alter chromatin conformation are important regulators of these processes. One mechanism to modify the biochemical make-up of the nucleosome is by incorporation of specialized histone variants into nucleosomes to generate an architecturally and functionally distinct local or global chromatin structure. Several variants of the core histone H2A have been identified, which can substitute for replication-dependent H2A (reviewed in Wolffe and Pruss, 1996; Malik and Henikoff, 2003) . The newest addition to this list, H2A.Bbd-first identified in humans (Chadwick and Willard, 2001 )-associates with other core histones to form nucleosomes in vivo, and its distribution appears to overlap that of acetylated H4. H2A.Bbd is largely excluded from the inactive X chromosome, a characteristic that gave this variant its name (Barr body deficient (Bbd); Chadwick and Willard, 2001 ). These initial findings raise the possibility that H2A.Bbd is enriched in chromatin associated with transcriptionally active regions of the genome.
H2A.Bbd is only 48% identical to major, replicationdependent H2A, making it the most specialized among all histone variants known to date (Malik and Henikoff, 2003; Figure 1A) . None of the residues that are the targets of post-translational modification in major-type H2A (acetylation, phosphorylation and ubiquitination) are present in H2A.Bbd (Strahl and Allis, 2000; Chadwick and Willard, 2001) . Based on our knowledge of nucleosome structure, the major hallmarks of H2A.Bbd as compared to major H2A are (1) the presence of a continuous stretch of six arginines and the conspicuous absence of lysines in its N-terminal tail; (2) the absence of a C-terminal tail and the very last segment of the docking domain that is responsible for interactions with H3 in major NCP; (3) major sequence differences in the docking domain of H2A (residues 81-119; Figure 1 ); (4) the presence of only one lysine in H2A.Bbd compared to 14 in major H2A, resulting in a slightly less basic protein (pI 10.7, compared to a pI of 11.2 for major H2A) and (5) the absence of the 'acidic patch' (Luger et al, 1997a ) (H2A.1 Glu61 to Lys, Glu91 to Arg, Glu92 to Leu; Figure 1A ). These changes, either individually or in combination, may alter the interaction between the H2A.Bbd-H2B dimer and the (H3-H4) 2 tetramer and/or the DNA, they could change the potential of H2A.Bbd for post-translational modifications, they may modulate the ability of H2A.Bbd-containing nucleosomes to interact with linker histones, or they could affect the type of higher order structure that can be formed by these nucleosomes. All of these potential consequences would have significant implications on the biological function of chromatin domains containing this histone variant.
To investigate the effect of H2A.Bbd incorporation on the structure and function of a nucleosome, we analyzed the properties of NCPs in which H2A has been replaced by H2A.Bbd (Bbd-NCP). We show conclusively, using two independent experimental approaches, that Bbd-NCP binds the DNA ends less tightly. To investigate which regions of H2A.Bbd are responsible for this behavior, we analyzed chimeras of H2A in which domains between Bbd and major H2A have been swapped. The ability of Bbd-containing nucleosomes to form regularly spaced arrays on plasmid DNA was also demonstrated. We found that Bbd-containing nucleosomes are spaced more closely, and that this chromatin represses transcription from a natural promoter only slightly less efficiently than chromatin reconstituted with major-type histones. This repression is alleviated upon addition of transcriptional activators Tax and CREB, and appears to be less dependent on the coactivator p300.
Results

H2A.Bbd does not refold to a histone octamer with the other three core histones
The histone variant H2A.Bbd colocalizes with the other three core histones in vivo, but to date no in vitro analysis of H2A.Bbd-containing nucleosomes exists. To address whether purified recombinant H2A.Bbd can replace histone H2A to form a histone octamer, equimolar amounts of denatured human H2A.Bbd and mouse H2B, H3 and H4 (and, in a control reaction, mouse H2A, H2B, H3 and H4) were refolded by dialysis against a buffer containing 2 M salt. Note that the sequences of H2A.Bbd from mouse and humans are virtually identical (DJ Tremethick, unpublished observations). The refolded histone complexes were purified by size exclusion chromatography. Major-type mouse histones, just as those from Xenopus laevis, readily refold to a histone octamer, as demonstrated by a single peak at the appropriate elution volume (Figure 2A ) and by the presence of a full complement of all four histones in the peak ( Figure 2B ). However, replacement of major H2A with H2A.Bbd in the refolding reaction results in two peaks that elute in the position of the 10  20  30  40  50  60   70  80  90  100  110 120 H2A-H2B dimer and (H3-H4) 2 tetramer ( Figure 2A ; Dyer et al, 2004) . Analysis of the fractions by SDS-PAGE confirmed that the first tetramer peak contains histones H3 and H4, while the second peak contains H2A.Bbd and H2B ( Figure 2B ). Histone octamers are not stable under physiological conditions in the absence of DNA. High ionic strength is required to maintain the protein complex in the absence of the counterbalancing charges provided by the DNA. Nevertheless, crystallographic studies have shown that histone-histone interactions within the histone octamer at high ionic strength are virtually identical to those observed in the NCP at low salt (Luger et al, 1997a; Chantalat et al, 2003) . Thus, our results indicate that the incorporation of H2A.Bbd results in a destabilized interface between the H2A.Bbd-H2B dimer and the (H3-H4) 2 tetramer.
H2A.Bbd forms nucleosome core particles with slower electrophoretic mobility
Mouse histone octamer and a 146 bp a-satellite DNA fragment were combined to yield mouse nucleosome core particle (mus musculus NCP, or mm-NCP) by salt gradient deposition . Nucleosomes containing X. laevis histones were reconstituted similarly, yielding Xla-NCPs. Reconstitution from Xla octamer and DNA results in a heterogeneous population of NCPs with respect to the position of the DNA on the histone octamer . A simple heating step (37-551C for 20-180 min) is usually sufficient to convert this mixture to a uniquely positioned species, which is suitable for biochemical studies and crystallization. Analysis by gel electrophoresis under native conditions shows that mm-NCP ( Figure 3A , lanes 5 and 6) behaves very similar compared to Xla-NCP ( Figure 3A, lanes 1 and 2) . This is expected, since the four core histones are highly conserved between these two species (H2A: 92.3%, H2B: 92.8%, H3: 95.5%, H4: 100%).
To reconstitute nucleosomes containing H2A.Bbd, H2A.Bbd-H2B dimers, (H3-H4) 2 tetramers and a-satellite 146 bp DNA were mixed in a 2:1:1 ratio, and dialyzed as described above. The thus obtained Bbd-NCPs behave quite differently upon analysis by native PAGE ( Figure 3A , lanes 3 and 4). Two bands (the upper being much more prominent than the lower) that migrate slower than Xla-NCP or mm-NCP were consistently obtained, and neither their position nor their relative distribution changes upon heat treatment ( Figure 3A , compare lanes 3 and 4). To rule out the possibility that these differences were the result of variations in the assembly method, that is, by using separately purified H2A.Bbd-H2B dimer and (H3-H4) 2 tetramers instead of histone octamer during reconstitution, we reconstituted mm-NCP from separately refolded H2A-H2B dimer and (H3-H4) 2 tetramer. Analysis by native PAGE clearly showed that such nucleosomes were indistinguishable from mm-NCP obtained from histone octamer (not shown).
We next determined whether both bands obtained upon reconstitution of Bbd-NCP contained a full complement of histones. We excised the two bands individually and analyzed their content by SDS-PAGE ( Figure 3B ). The ratio of the four histones in the upper band was determined to be B1:1:1:1 based on a comparison with a 'mock octamer' (a precise mixture of independently refolded tetramer and Bbd dimer at a 1:2 ratio, compare lanes 4 and 5 of Figure 3B ). No depletion of either H2A.Bbd or H2B is evident, as seen in a comparison with lane 3, showing a 1:1 mixture of tetramer and dimer. Unfortunately, the bands are too closely spaced to allow quantification. The lower band of Bbd-NCP was analyzed similarly ( Figure 3B , lane 2); however, this species could never be obtained to sufficient amounts to draw a definitive conclusion.
To exclude that the observed results were an artifact of salt-dependent reconstitution (resulting, perhaps, from differences in the affinities of the various histone subcomplexes for DNA at various salt concentrations during the salt gradient), we used yeast Nucleosome Assembly Protein 1 (yNAP-1) to reconstitute nucleosomes under physiological conditions, at 100 mM NaCl. We have shown previously that yNAP-1 has a similar affinity for H2A.Bbd-H2B and (H2A-H2B) dimers (Y-J Park, unpublished observations). For both mm-NCP and Bbd-NCP, identical results were obtained upon reconstitution with yNAP-1 and by salt gradient ( Figure 3C , compare lane 1 with 3, and 4 with 5), proving that the observed Bbd-NCP species forms independently of the assembly pathway.
Our findings that Bbd-NCP contains stoichiometric amounts of the four histones to form a structurally altered NCP is formally consistent with a non-native particle in which histones are bound to DNA without forming a histone octamer (for example, a 'tetrasome' particle to which two H2A.Bbd-H2B dimers are bound by weak electrostatic interactions. DNase I footprinting is not suited to rule out this possibility, since a 10 bp pattern is not necessarily indicative of an intact NCP (see, for example, Kerrigan and Kadonaga, 1992) . We therefore assayed the integrity of Bbd-NCP in the presence of increasing ionic strength, under the assumption that non-native charge-charge interactions between histones and the DNA would not be able to withstand elevated ionic strength (Brooks and Jackson, 1994) . We incubated the shifted mm-NCP and Bbd-NCP in the presence of 200, 400 or 600 mM KCl at 371C for 1 h ( Figure 3D ). As demonstrated previously (Muthurajan et al, 2003) , the translational position of the histone octamer with respect to the DNA changes upon increased ionic strength in NCPs reconstituted with major-type histones (compare, for example, Figure 3D , lanes 2 and 5). Only small amounts of DNA are liberated in the process ( Figure 3D , lower panel). Although no redistribution of bands takes place in Bbd-NCP, the complex is stable even at 600 mM salt, and similarly small amounts of DNA are liberated upon incubation at elevated ionic strength. We thus conclude that Bbd-NCP forms a reasonably stable particle that is stabilized by similar interactions as those observed in canonical NCPs. The altered electrophoretic behavior of Bbd-NCP could be caused by changes in either charge, nucleosome structure, or both. H2A.Bbd is less basic than mouse H2A (with a pI of 10.7 versus 11.2) and has a lower molecular weight, and therefore Bbd-NCP would migrate faster than mm-NCP if the two nucleosomes exhibited identical structures. Thus, changes in shape must be responsible for the slow electrophoretic mobility of Bbd-NCP. This was verified by analytical ultracentrifugation. The sedimentation coefficients were 11.670.3 for mm-NCP and 10.570.3 for Bbd-NCP ( Figure 3E ). This 9.5% difference in S values, which is observed over the entire sedimentation boundary, is significant and reproducible. From the relation S ¼ M(1Àur)/Nf, we calculated that the frictional coefficient of Bbd-NCP has increased by 9%. Based on the molecular weight and sedimentation coefficient, we calculate that f/fo (where fo is the frictional coefficient for a sphere) for Bbd-NCP is 1.662 and for mm-NCP 1.521, indicating that Bbd-NCP has a more elongated shape than mm-NCP.
The DNA ends are less constrained in Bbd-NCP One simple hypothesis to explain the observed characteristics of Bbd-NCP is that the DNA is less constrained in these particles. Fluorescence resonance energy transfer (FRET) is a powerful tool to determine the distance between two regions within a macromolecular complex. We used this method to test our hypothesis, and to further characterize the structural changes within Bbd-NCP. Nucleosomes exhibit a compact structure at low salt concentration, with the two ends of the DNA at a distance of B60 Å , but the DNA begins to partially dissociate from the surface of the histone octamer at increased salt concentrations (Park et al, 2004) . We labeled the two 5 0 ends of a 146 bp DNA fragment derived from the 5S rRNA gene (Richmond et al, 1988) with fluorescein (FM, acceptor) and coumarin derivatives (CPM, donor), and reconstituted the labeled DNA into mm-NCP and Bbd-NCP. We note that the presence of the fluorescent probes does not compromise electrophoretic migration of the samples (data not shown; Park et al, 2004) . Samples used for FRET studies were devoid of free DNA, and Bbd-NCP samples usually had a very prominent upper band, and very little of the lower band described above.
Fluorescence was excited at 385 nm, and emission spectra for mm-NCP and Bbd-NCP at increasing ionic strength were measured. For mm-NCP, we observed a pronounced signal at the acceptor emission wavelength (520 nm) upon excitation of donor emission ( Figure 4A ). Within mm-NCP, FRET between the DNA ends occurs up to a salt concentration of 0.38 M NaCl, but is lost if the ionic strength is further increased, confirming earlier results with Xla-NCP (Park et al, 2004 ; Figure 4C ). In striking contrast, no FRET is observed in Bbd-NCP even at low ionic strength ( Figure 4B) , as seen by an absence of fluorescence acceptor emission. Since FRET is concomitant with decreased donor emission, we plotted the ratios between fluorescence emission at 520 and 480 nm for each NCP and for free labeled DNA at several salt concentrations ( Figure 4C ). In Bbd-NCP, no change in this ratio is observed over the entire salt range measured, as is the case for free DNA. These results were confirmed by monitoring FRET between the DNA ends and the (H3-H4) 2 tetramer, with the same results (data not shown). Thus, our results strongly indicate that the ends of DNA in Bbd-NCPs are partially dissociated from the surface of the histone octamer, resulting in a less compact structure. This is a consistent explanation for the observed slower electrophoretic mobility, and the decreased S value.
Only 11872 bp of DNA is protected against micrococcal nuclease digestion in Bbd-NCP The NCP was originally defined as a stable intermediate from chromatin digestion with micrococcal nuclease (MNase) (Simpson, 1978) . Thus, completely folded NCPs reconstituted with 146 bp of DNA should be quite resistant toward digestion, but nucleosomes with only loosely organized DNA ends should be much more susceptible. Mouse octamer (or (H3-H4) 2 tetramer and H2A.Bbd-H2B dimers) was reconstituted onto either 146 bp 5S DNA or 196 bp 5S DNA (Georgel et al, 1993) to yield nucleosomes respectively) . Identical amounts of mm-146-NCP and Bbd-146-NCP were incubated with increasing amounts of MNase, and the deproteinized DNA fragments were analyzed on a 10% polyacrylamide gel. A comparison of Figures 5A and B shows that Bbd-146-NCP is digested much more rapidly than mm-146-NCP under identical conditions, confirming that the DNA in Bbd-NCPs is relatively less protected from MNase digestion. An intermediate band of B118 bp is clearly observed at higher MNase concentrations ( Figure 5B, lane 6) .
To more precisely define the number of base pairs that are actually protected by Bbd-NCPs, we performed a time course of MNase digestion with nucleosomes reconstituted on longer DNA fragments. Figures 5C and D show that digestion of mm-196-NCP results in a pronounced stop at B146 bp, as expected. In contrast, no stop at 146 bp is observed in Bbd-196-NCP, but instead MNase generates a DNA fragment of 11872 bp in length. Thus, compared to canonical nucleosomes, the terminal B14 bp of the 146 bp nucleosomal DNA in Bbd-NCP is not protected against digestion, under the assumption that the DNA is symmetrically positioned on the surface of the histone octamer.
The absence of the C-terminal tail in H2A.Bbd is not responsible for the relaxed structure of Bbd-NCP One of the obvious differences between H2A and H2A.Bbd is the absence of the basic C-terminal histone tail (which is in a perfect position to organize the terminal regions of the DNA; Figure 1B ) in the latter ( Figure 1A ). C-terminally truncated Xla H2A constructs were generated by introducing a stop codon after amino acid 112 (Xla H2A 112 , Figure 1 ). As an additional control, a stop codon was also introduced after amino acid 106, in essence removing the entire 'stem' of the ladle-shaped docking domain (Xla H2A 106 , Figure 1 ). Unexpectedly, both purified truncated histones, together with the three other core histones, could be refolded to Figure 4 FRET between the two ends of nucleosomal DNA shows that the DNA in Bbd-NCP is less tightly bound. Fluorescence was excited at 385 nm, emission spectra were measured from 450 to 550 nm for mm-NCP (A) and Bbd-NCP (B) at increasing ionic strengths. Only spectra taken at 0, 0.38 and 1 M NaCl are shown (diamonds, squares and triangles, respectively). (C) Ratios of fluorescence intensities (520 nm/480 nm) for mm-NCP, Bbd-NCP and labeled DNA at the indicated salt concentrations (squares, triangles and circles, respectively) are plotted.
histone octamers using standard procedures (not shown). This indicates that the C-terminal portion of the H2A docking domain and the C-terminal tail are not responsible for stabilizing histone-histone interactions within the histone octamer, despite the presence of several hydrogen bonds between this region and H3 aN and H3 a2 observed in published nucleosome structures (reviewed in Luger, 2003) . We next reconstituted NCPs with these truncated H2A versions. To maintain consistency with Bbd-NCP reconstitutions, (H3-H4) 2 tetramer and Xla H2A 112 -H2B dimers (or Xla H2A 106 -H2B dimers) were reconstituted with 146 bp 5S DNA in a 1:2:1 molar ratio to yield mutant NCPs (Xla H2A 112 -NCP and Xla H2A 106 -NCP, respectively), using salt gradient deposition. The resulting nucleosomes were analyzed by native PAGE. Figure 6 shows that Xla H2A 112 -NCP behaves very similar to Xla-NCP. Nucleosomal bands can be shifted almost completely to a band that migrates only slightly slower than Xla-NCP ( Figure 6A , compare lanes 4 and 5 with lanes 6 and 7). Xla H2A 106 -NCP migrates somewhat slower, and can be partly shifted ( Figure 6A, lanes 2 and 3) . Both truncated nucleosomes are much more similar to full-length Xla-NCP and mm-NCP in their electrophoretic behavior than to Bbd-NCP. Consistent with this observation, Xla H2A 106 -NCPs and Xla H2A 112 -NCP exhibit a similar degree of resistance toward digestion with MNase as does Xla-NCP ( Figures 6B, D and E) , and are both much more resistant than Bbd-NCPs ( Figure 6C ).
Changes in the docking domain are responsible for the altered conformation of Bbd-NCP
Having established that the C-terminal end of the H2A docking domain is not involved in organizing the DNA ends, we turned our attention to the H2A docking domain, where the majority of sequence differences between H2A and H2A.Bbd are clustered. A derivative of Xla H2A was prepared in which the original docking domain (from the C-terminal end to I 79 , Figure 1A ) was replaced with the Bbd docking domain (Xla H2A/Bbd). This histone chimera combines two features of interest in H2A.Bbd (the absence of the C-terminal tail and the H2A.Bbd-specific sequence variations in the docking domain), but maintains the sequence of Xla H2A in all other regions. Just like H2A.Bbd, this chimeric Xla H2A/ Bbd histone cannot be refolded to a histone octamer upon combination with the three other histones, but instead forms Xla H2A/Bbd-H2B dimers and (H3-H4) 2 tetramers (data not shown).
(H3-H4) 2 tetramers and Xla H2A/Bbd-H2B dimers were reconstituted with 146-mer DNA to form Xla H2A/Bbd-NCP, using salt gradient deposition. Analysis of the reconstituted products by gel electrophoresis shows that Xla H2A/Bbd-NCP ( Figure 7A , lanes 4 and 9) migrates much slower than Xla-NCP ( Figure 7A, lanes 1 and 2) , even somewhat slower than Bbd-NCP ( Figure 7A, lanes 7 and 8) . Also, just like Bbd-NCP, Xla H2A/Bbd-NCP does not reposition upon heat treatment ( Figure 7A , compare lanes 4 and 9, and lanes 7 and 8). FRET analysis of Xla H2A/Bbd-NCPs confirmed that this is because the ends of the DNA are beyond the critical Förster distance, resulting in the absence of FRET even at low ionic strength, as has been observed in Bbd-NCP. Ratios of fluorescence intensities at 520 and 480 nm are plotted in Figure 7B . Together, the analysis of derivative and chimeric nucleosomes indicates that the region between amino acids 79 and 105 (in Xla H2A numbering, Figure 1A ) appears to be mainly responsible for either directly or indirectly organizing the B14 penultimate base pair of nucleosomal DNA.
H2A.Bbd-containing nucleosomal arrays repress transcription from a natural promoter
Having defined the structural changes in H2A.Bbd-containing mononucleosomes, we wanted to investigate whether this histone variant could be efficiently assembled into nucleosomal arrays. H2A.Bbd-H2B dimers and mouse (H3-H4) 2 tetramers were assembled onto supercoiled plasmid DNA containing a highly inducible natural promoter (p-306/ G-less), using a previously described recombinant assembly system (Georges et al, 2002) . Recombinant mouse histone octamers and native Drosophila histones were assembled as controls. The quality of assembled chromatin and nucleosome spacing was checked by MNase digestion (Figure 8A ). H2A.Bbd (together with the other three mouse histones) was assembled into regularly spaced nucleosomal arrays, comparable in quality to the control arrays. However, a Bbd-containing nucleosomal array produces digestion ladders with a repeat length of B126 bp, whereas nucleosomal arrays reconstituted with either mouse or Drosophila histones produce ladders with a repeat length of B170 bp.
Further, we wanted to know whether such arrays would repress transcription by RNA polymerase II in vitro and whether this repression could be alleviated by the action of transcription activators and coactivators, using the well-defined HTLV-LTR in vitro system (Georges et al, 2002) . In this system, nucleosomal arrays efficiently inhibit basal transcription, and this repression is relieved in a Tax/CREB/ p300-dependent manner. Bbd-containing nucleosomal arrays inhibit transcription slightly less efficiently than mouse arrays ( Figure 8B , compare lanes 3 and 4 with 9 and 10). Tax/ CREB-dependent activation is essentially the same (two-fold versus 1.9-fold); however, the effect of p300 was not as pronounced as in mouse nucleosomal arrays (1.3-versus 2.7-fold activation; Figure 8C ).
Discussion
The incorporation of histone variants via replication-independent assembly mechanisms has emerged as an important pathway by which eukaryotic cells locally or globally modify chromatin structure to regulate transcription, repair and replication. Histone variants differ from major-type histones in their amino-acid sequence, in their expression patterns and in their pattern of incorporation into chromatin (Malik and Henikoff, 2003; Rangasamy et al, 2003) . They are as diverse in function as they are in their amino-acid sequence; whereas some are targeted to specialized chromatin regions (for example, the centromeric histone H3 variant; Sullivan, 1998) , others, such as H2A.X, serve as markers for chromatin regions where DNA repair is required (d'Adda di Fagagna et al, 2003) , or play more ill-defined roles in transcription regulation and chromatin higher order structure organization (Perche et al, 2000; Willard, 2001, 2002; Fan et al, 2002) . With the notable exception of H2A.Z (Suto et al, 2000; Fan et al, 2002) , very little biophysical data are available on the effect of any of these histone variants on nucleosome and chromatin structure.
Of all the histone variants, H2A.Bbd is the most specialized in terms of amino-acid sequence, and the least well understood in terms of function. Here we have shown that the interaction between the (H3-H4) 2 tetramer and the H2A.Bbd-H2B dimer is weakened compared to that observed between the H2A-H2B dimer and the (H3-H4) 2 tetramer. Domain-swap experiments demonstrate that this is due to the sequence differences in the 'base' of the H2A ladle-shaped docking domain. In vivo, the weaker interaction between the A B Figure 7 The H2A.Bbd docking domain is responsible for the relaxed structure of Bbd-NCP. (A) Salt gradient reconstituted Xla-NCP (lanes 1 and 2), Xla-NCP reconstituted from H2A-H2B dimer and (H3-H4) 2 tetramer (X(d þ t)-NCP; lane 3), Xla H2A/Bbd-NCP (XB-NCP, lanes 4 and 9), mm-NCP (lanes 5 and 6) and Bbd-NCP (lanes 7 and 8), before (À) and after ( þ ) 1 h incubation at 371C, were analyzed by 5% native PAGE, stained by Coomassie brilliant blue. (B) Analysis by FRET. Ratios of fluorescence intensity at 520 and 480 nm for Xla-NCP, XB-NCP and labeled DNA at the indicated salt concentrations (squares, triangles and circles, respectively) are plotted. Data points were taken from spectra similar to those shown in Figure 4A and B.
histone subcomplexes within H2A.Bbd nucleosomes may facilitate the dissociation of the H2A.Bbd-H2B dimer from chromatin, either spontaneously or assisted by transcriptionrelated factors such as FACT (Belotserkovskaya et al, 2003) , histone chaperones (Akey and Luger, 2003) or ATP-dependent chromatin remodeling factors (Becker and Horz, 2002) , consistent with its proposed localization in transcriptionally active chromatin (Chadwick and Willard, 2001) .
We showed by native PAGE, FRET and MNase digestion that only 11872 bp of DNA is bound firmly in Bbd-NCP, as opposed to the 147 bp that is tightly organized in canonical NCPs. These results are consistent with a significantly decreased S value of the variant particle. Several lines of evidence argue that the observed species is a bona fide nucleosome rather than an (H3-H4) 2 tetramer-DNA complex with H2A.Bbd-H2B dimers nonspecifically bound. First, Bbd-NCP contains stoichiometric amounts of the four histones. Second, identical complexes are obtained by two independent methods: salt-dependent reconstitution and chaperonemediated reconstitution under physiological conditions. Third, Bbd-NCP exhibits normal stability in the presence of elevated ionic strength. Finally, we observe that H2A.Bbdcontaining nucleosomal arrays exhibit a significantly shorter repeat length (and thus higher nucleosome density). These arrays significantly repress basal transcription, and this repression is relieved in a Tax/CREB-dependent manner.
We demonstrated that the H2A.Bbd docking domain is responsible for the looser DNA organization observed in Bbd-NCP, whereas the missing C-terminal tail plays only a minor role in organizing the 14 penultimate base pairs of nucleosomal DNA. In a structural context, our results suggest that the contact that is made at SHL 75.5 (which is organized by the H2A.Bbd-H2B dimer) is still intact, whereas the penultimate contact between the H3 aN helix must be significantly weakened. We interpret these results as evidence that the H2A docking domain (in particular the circular base of the ladle-shaped substructure) is responsible for orienting the H3 aN helix for proper interactions with the DNA, consistent with the role of this particular region in stabilizing the histone octamer.
To date, this is the first histone variant that forms nucleosomes with such unusual structural properties. H2A.Z, macroH2A or centromeric H3 all form tightly folded nucleosome core particles in our in vitro reconstitution system (Suto et al, 2000; S Chakravarthy and K Luger, unpublished observations). Dependent on the prevailing histone variant, different physiological outcomes may be obtained since two histone variants may have opposite effects on chromatin structure. For example, whereas H2A.Bbd destabilizes nucleosomal structure, H2A.Z appears to be stabilizing (Park et al, 2004) ; the effect of the incorporation of other histone variants into nucleosomes is not known. The structural properties of Bbd-NCPs described here have important implications for the in vivo function of this histone variant. The evidence for the involvement of H2A.Bbd in transcriptionally active chromatin is indirect and mainly stems from the observation that H2A.Bbd colocalizes with acetylated H4 (Chadwick and Willard, 2001) . However, consistent with this hypothesis, the observed weakened interaction between the H2A.Bbd-H2B dimer and (H3-H4) 2 tetramer, and the less efficient organization of the DNA ends, should present a less formidable obstacle for the advancing RNA polymerase. It is also interesting to speculate that H2A.Bbd-containing nucleosomes may be less dependent on histone modifications and chromatin remodeling. The fact that none of the residues that are the usual targets of post-translational modification in major H2A are present in H2A.Bbd indicates potential consequences for the histone code (Strahl and Allis, 2000) in H2A.Bbd-containing chromatin regions. This hypothesis is supported by our finding that transcriptional activation in Bbd-containing arrays is less dependent on p300 than arrays reconstituted with major-type histones. However, more experiments are needed to investigate the role of H2A.Bbd in particular and of histone variants in general in modulating the transcriptional properties of selected genes.
In summary, we have shown how the replacement of H2A with the histone variant H2A.Bbd alters the conformation of the nucleosome in a way that is consistent with a role in facilitating the transcription process. Clearly, histone variants provide an important alternative way to modulate chromatin structure in addition to, or without the continued need of, histone-modifying enzymes.
equipped with scanner optics. The initial sample absorbance at 260 nm was about 0.6. Samples in 50 mM KCL TE buffer (50 mM KCL, 10 mM Tris-HC1 (pII 7.5), 1 mM EDTA) were equilibrated in the chamber under vacuum for 40 min at 211C before sedimentation at 33 000 rpm. Boundaries were analyzed by the method of van Holde and Weischet using Ultrascan data analysis program (version 6.0). Data were plotted as boundary fraction versus s 20,w to yield the integral distribution of sedimentation coefficients, G(s). Average sedimentation coefficients were determined from the rate of sedimentation at a boundary fraction equal to 0.5 of the G(s) plot.
Fluorescence resonance energy transfer
The 5 0 ends of a 146 bp DNA fragment derived from the 5SrRNA gene (Richmond et al, 1988) were derivatized with 7-diethylamino-3-(4 0 -maleimidylphenyl)-4-methylcoumarin (CPM) and fluorescein-5-maleimide (FM), as described (Park et al, 2004) . This pair has a Förster distance of 52 Å , the distance at which FRET is 50% efficient. Typically, emission spectra for 0.3 mM of NCP in TE (10 mM Tris-HCL (pH 7.5), 0.1 mM EDTA) were measured using an AVIV spectrofluorometer (Model ATF105). Excitation wavelength was 385 nm. A volume of 5 M NaCl was added to bring the salt concentration from 0 to 0.38, 0.71, 1, 1.25, 1.47 and 1.67 M, respectively, and spectra were taken after a 5 min equilibration period. Ratios of fluorescence intensities were plotted as described.
Reconstitution of nucleosomal arrays
H2A.Bbd-H2B dimers and mouse (H3-H4) 2 tetramers were combined in a 2:1 molar ratio and assembled into chromatin using a recombinant assembly system. Core histones were incubated with dNAP-1 (2.4-fold molar excess dNAP-1 over core histones) on ice for 30 min in 25 mM HEPES (K þ (pH 7.6)), 0.05 mM EDTA and 5% glycerol. ACF (Acf1/ISWI) was added to the core histone/dNAP-1 mix (1:10 molar ratio of ACF to octamer), followed by the addition of an ATP-regenerating system (3 mM ATP, 30 mM phosphocreatine, 1 mg/ml creatine phosphokinase). Supercoiled plasmid DNA (p-306/G-less) was added to assembly reactions and incubated for 4-18 h at 271C under final conditions of 10 mM HEPES (K þ (pH 7.6)), 50 mM KCl, 5 mM MgCl 2 , 5% glycerol, 1% polyethylene glycol and 0.01% NP-40. Assembly reaction volumes were scaled to 150 ng of plasmid DNA in a 7 ml volume (amount added to typical transcription reaction). However, actual reaction volumes ranged from 50 to 200 ml. Supercoiled p-306/G-less contains the HTLV-1 natural promoter sequence (À306 to À1 relative to transcriptional start site) cloned into pUC13, which encompasses the three viral cyclic AMP response elements (vCREs) upstream of the core promoter and a 380-nucleotide G-less cassette (Anderson et al, 2000) . Mouse octamers were assembled into chromatin using the same system.
MNase digestion was performed on 2.1 mg of assembled DNA (98 ml assembled chromatin). First, chromatin samples were incubated with 135 ml MNase buffer at 371C for 5 min. Digestion was initiated by addition of 0.12 U MNase at 371C and 60 ml aliquots were removed after 1, 2, 4 and 8 min of digestion. Nucleic acids were analyzed on a 1.2% agarose gel, followed by SYBR s gold staining and STORM (Molecular Dynamics) imaging. Gene Ruler 100 base pair plus markers (Fermentas) were used as DNA size standards.
In vitro transcription assays
In vitro transcription reactions from assembled chromatin were conducted as previously described (Georges et al, 2002) , with the following modifications. Preinitiation complexes were formed using 67 fmol of p-306/G-less (150 ng of assembled p-306/G-less in a 7 ml volume) in the presence or absence of exogenous Tax (60 nM), CREB (60 nM) and p300 (6 nM) in a final volume of 30 ml. All reactions contained 50 mM acetyl CoA and 40 mg CEM (HTLV-1 negative T-cell line) nuclear extract. Transcription data were collected using STORM phosphorimaging and quantified by Image Quant 5.1. Transcript levels were normalized to the recovery standard. Fold activation was determined relative to basal transcription (no added activators) for each array.
